The textures of 99.9% purity molybdenum plates in both rolled and recrystallized conditions were investigated by electron backscattering diffraction. The as-rolled molybdenum plates showed a change in texture from {001}©110ª toward {111}©110ª with increasing reduction ratio indicating that the texture can be modified through rolling schedule. Both the as-rolled and recrystallized molybdenum plates were made to sputter thin films and to examine the effects of sputtering target microstructures upon sputtered films. The as-rolled sputtering target demonstrated 11% higher sputtering rate than the recrystallized molybdenum target under the same sputtering conditions. Microstructures in the as-rolled plates bear a higher tendency to sputter due to their higher energy. The structures of the sputtering targets demonstrate pronounced effects upon the sputtered films.
Introduction
Molybdenum is a refractory metal with many special properties, including excellent high temperature tensile and creep strength, low coefficient of thermal expansion and high Young's modulus. 1, 2) In recent years, high purity molybdenum had been utilized extensively as electrodes or barriers in form of thin films for numerous optoelectronic applications. 35) To produce the molybdenum (Mo) targets needed for thin film sputtering, high purity Mo ingot were hot rolled to obtain plates of required thickness and dimensions. The recrystallization behavior of lower purity molybdenum in thermo-mechanical processes were studied elsewhere. 6, 7) Guttmann 6) reported that subgrain growth, subgrain coalescence, and strain-induced boundary migration played important roles in the recrystallization of molybdenum. The structures of high purity molybdenum were less reported till recent years. Primig et al. 1) showed that the high purity molybdenum demonstrated "recrystallization-resistant" behavior and the recrystallization occurred by the coalescence of subgrain regions. The high stacking fault energy of molybdenum leads to the recovery-dominant recrystallization. 1) They also demonstrated 8) that, by uniaxially depressing high purity molybdenum, {100} and {111} textures along the compression axis were formed. For unidirectional rolling, the rotated cube {100}©110ª or ¡-fiber texture was formed 9) and large plastic anisotropy was observed. According to Raabe and Lucke, 10) these textures of Mo and other refractory bcc metals are homogeneous through-thickness. The ¡-fiber rolling texture decreases, while the £-fiber or {111}©112ª texture increases in annealing.
The difference in textures of sputtering targets could cause changes in thin film sputtering and affect thin film properties. Recently, Huang et al. 11) investigated the sputter yield of molybdenum by focused ion beam on grains of known orientation. The {110} textured grains in molybdenum were observed to generate the highest sputtering yield in comparison with the {100} and {111} textured grains, therefore the growth rate of thin film was affected by the microstructures of sputtering targets. Michaluk et al. 12) compared the effects of grain size and texture of tantalum sputtering targets on their sputtering rate. The results demonstrated that grain size of sputtering target had a greater influence than texture. Many studies 13, 14) then focused on the evolutions of thin film structures upon properties of molybdenum films. Good adhesive properties and excellent electrical resistivity of ³8 µ³·cm were demonstrated. Hofer et al. 13) showed that small crystallites nucleated at early stage of film formation and grew into {110} oriented columns with film thickness increasing from 0.7 µm up to 5 µm. According to Ishiguro and Sato, 15) low working pressure tends to form stronger film texture with increasing sputtering time. However, less studies compared the effects of microstructures in molybdenum sputtering targets upon thin film subsequently sputtered. The aim of this study was to gain understandings by looking into the textures and microstructures of high purity molybdenum plates. The high purity hot-rolled and annealed molybdenum sputtering targets were then made to sputter thin films. The films sputtered using targets of different microstructures were discussed.
Experimental Procedure
Molybdenum (Mo) ingot of 99.9% purity sintered by powder metallurgy was rolled starting at 1523 K with accumulated engineering strains of 70% and 85%. 70% reduction was chosen such that the porosity in the powder sintered Mo ingots could be removed.
8) The density of sintered and as-rolled Mo plates were measured using Archimedes method according to ASTM C830-00 standard.
16) The rolled Mo plate was then annealed in vacuum of 1.33 © 10 ¹1 Pa at 1173³1473 K for 1 h. Optical microscope, scanning electron microscope (SEM, Hitachi S-4700), and electron backscattering diffraction (EBSD, JEOL JSM-7001F equipped with TSL EBSD system) were employed to characterize the microstructures and micro-textures in the Mo plates. For EBSD investigations, specimens were prepared by grinding and electro-polishing using a solution containing 60% CH 3 OH, 20% HCl, and 20% H 2 SO 4 at 18 V for 40 s. 17) Two plates, the 70% as-rolled and 1473 K fully-recrystallized Mo plates, were chosen to make sputtering targets of 50.4 mm in diameter and 6 mm in thickness. 0.7 mm thick Corning Eagle 2000 glass was employed as the substrate for Mo film deposition. The glass substrates were ultrasonically cleaned using acetone, de-ionized water, isopropyl, and deionized water sequentially before drying using N 2 . Mo films were then deposited on glass substrates via DC magnetron sputtering in Ar at working pressure of 1.33 Pa and sputtering power of 200 W. The thickness of films were directly measured by breaking the specimens and observing the cross sections in a Hitachi S-4700 field emission scanning electron microscope (SEM).
Results and Discussions

Microstructure and texture
The powder-sintered molybdenum ingot had equiaxed grain size of 28 µm and 95.47% theoretical density (Fig. 1 ). After rolling with 70% and 85% reduction ratio, the densities of Mo plates increased to 99.47% and 99.51%, respectively (Fig. 2) . Nearly full-dense Mo was achieved by hot rolling. The hot rolled structures were elongated due to large amount of rolling strains. The grain sizes along normal direction (ND) is well below 10 µm.
1173³1473 K annealing were then performed on the hotrolled Mo plates. After annealing at 1473 K for 1 h, fully recrystallized and equiaxed microstructures of 29 and 22 µm grains were formed in 70% and 85% rolled plates (Fig. 3) . The larger reduction ratio of 85% assists the grain refinement and can be observed in Fig. 3 (b) in comparison with Fig. 3(a) .
The EBSD maps of sintered, 70% rolled, 85% rolled and fully recrystallized Mo plates were shown in Figs. 46. In Fig. 4 , black dots correspond to the residual micro-pores in the powder sintered Mo ingot. The variety of colored grains corresponds to grains of different normal directions indicating that the powder-sintered Mo was essentially random in texture. In the 70% and 85% as-rolled plates (Figs. 5(a) and 6(a)), two major textures stood out. The red colored grains had plate normal direction along {001}, while the plate normal direction of blue colored grains was {111}. The rolling directions (RD), according to the inverse pole figures shown in Figs. 5(b) and 6(b), are both mainly ©110ª for 70% and 85% rolled plates. The percentage of {001} grains decreased from 23% to 16.1%, while {111} grains increased from 26% to 37.1% with strain increasing from 70% to 85%. The increase of reduction strain from 70% to 85% increased the {111} ND or £-fiber percentage (Figs. 5(c) and 6(c)) as also observed in other bcc metals. 18, 19) In uniaxially compressed Mo ingot, both {001} and {111} formed along the compression axis as well. 8) By increasing the strain, the uniaxially compressed Mo demonstrated an increase in {001} 8) rather than {111}. The plane strain condition in uniaxial rolling deformation apparently leads to different textures from the uniaxial stress condition.
It is noted that, for molybdenum, the elastic moduli of 292 and 308 GPa along ©111ª and ©110ª are much lower than the modulus, 369 GPa, along ©100ª direction based on elastic constant 20) calculations through eq. (1):
where ©uvwª stands for the unit vector of direction along which the elastic modulus is interested. And C 11 , C 12 , and C 44 correspond to the stiffness constants of 459, 168, and 111 GPa, 20) respectively. 100µ µm For the two major textures shown in these as-rolled plates, the transverse directions (TD) were ©112ª and ©110ª for {111}©110ª and {001}©110ª textures, respectively. The ©112ª orientation has the same modulus or 308 GPa as that for ©110ª in bcc crystals based on elastic constant calculation. There- fore, the crystallographic orientations along the rolling and transverse directions are both softer ones in either textures. 21) When the reduction ratio is small, ©100ª normal direction has higher symmetry and might facilitate more slip systems to accommodate the rolling strains. On the other hand, for 85% rolled plate, the ©111ª normal direction has the lowest elastic moduli in molybdenum (292 GPa), and the orientations perpendicular to this direction all have elastic moduli of 308 GPa. Plastic strain can be distributed uniformly and plastic anisotropy in {111} plane is reduced.
9) Therefore, {111} normal plane could form to accommodate even higher strains in plane strain situation. Table 1 shows the percentages of low angle and high angle boundaries. In 70% rolled plates, the ratio of low angle boundary is much higher than that in 85% rolled plate. The elongated grains appeared to first divide into subgrains by dislocation accumulations in lower straining situation. With increasing rolling strains, strain induced grain boundary migration 6) and dynamic recrystallization occurred to form high angle grain boundaries. In a more recent work by Chen et al., 22) the formation of {111} fiber in highly upset Mo ingot has been shown to form due to non-homogeneous microbands while the {001} orientation is formed by homogeneous deformation. The dynamically recrystallized grains were small but were present in Figs. 5(a) and 6(a) in colors different from the red {001} ND or blue {111} ND oriented grains. The growth of these newly recrystallized grains were minimal due to the drops of rolling temperatures in comparison with the high melting point of molybdenum. Because no twins were observed in the microstructures, most plastic strain was presumably relieved by cross slipping and dynamic recovery. It is consistent with the report that molybdenum has high stacking fault energy and is recovery-dominant in recrystallization. 1) After 1473 K annealing for 1 h, the elongated grains all evolved into equiaxed grains of 22³29 µm in size. The texture does not change much, but the texture intensity apparently dropped 9) according to Figs. 5 and 6. It is noted that the rolling direction was still along ©110ª, while the {111} ND intensity reduced and {001} ND intensity increased after annealing. The increased {001} ND texture intensity could form by {001}©110ª coalescence of subgrains again indicating the importance of recovery activities in recrystallization of molybdenum.
Sputtered films of as-rolled and annealed targets
Both the 70% rolled and 1473 K fully recrystallized plates were employed to sputter thin films in order to observe the effects of target structures upon thin film deposition. The as-rolled and annealed targets have deposition rates of 0.377 nm/s and 0.339 nm/s, respectively. The as-rolled sputtering target demonstrates a noticeable 11% higher deposition rate than the annealed one (Fig. 7) . The as-rolled target generated more and finer atom clusters by argon ion sputtering and gave rise to a dense thin film structure (Fig. 8 ).
The recent study by Huang et al. 11) reported that the sputtering yield is increased when the molybdenum sputtering target bears {110} texture. In current study, both the asrolled and recrystallized molybdenum plates demonstrated mainly {001}©101ª and {111}©110ª textures, and the {110} texture was fairly weak due to the straight rolling process employed. 11) According to the intensity shown in Figs. 5(c) and 5(d), the annealed molybdenum sputtering target might actually bear a slightly higher {110} texture than the highly textured as-rolled sputtering target. The recrystallized sputtering target, however, showed a slower sputtering rate. The orientation of texture was thus not the main reason that caused the great difference in sputtering rate. The as-rolled plate produced more sputtering atom clusters due to greater amount of high energy grain boundaries in the sputtering targets. The unstable microstructures in as-rolled plate generated more atoms to eject from target surface under the attacks of argon ions. On the other hand, the grain boundaries in annealed target were relatively more stable causing the deposition rate to drop.
Furthermore, in Fig. 8 , the films sputtered using as-rolled target demonstrates columnar growth while the films sputtered using recrystallized target demonstrates many small grains in the seed layer near the glass substrates. The small grains in seed layer of Fig. 8(b) appeared to change in orientation during film growth. The reduced deposition rate obtained by recrystallized molybdenum target facilitated the formation of film texture during growth according to Ishiguro and Sato.
15) The films might develop according to the preferred orientation of atoms ejected from the target. These small grain seeds in the bottom layer of film corresponded to Zone 1 of Thornton's zone model 23) for film growth which contained higher defect density and could led to higher film resistivity. The film sputtered using as-rolled molybdenum target, on the other hand, gave rise to Zone 2 type film 23) with larger columnar crystals of varied orientations and could bear lower resistivity. The current study shows that the microstructures of sputtering target structures apparently affect the formation and properties of molybdenum thin films. Ideal sputtering targets with fine and stable grains can lead to both higher deposition rate and lower electrical resistivity in thin films.
Conclusions
In this study, microstructures and textures of hot-rolled and annealed molybdenum plates were reported. The elongated grains formed mainly {001}©110ª and {111}©110ª textures with increasing {111} £-fiber texture when the rolling strain increased to 85%. The fully recrystallized grains after annealing demonstrate essentially the same texture as those in as-rolled plates but with much weaker intensity.
The as-rolled and annealed plates of two very different structures were employed to sputter thin films. The as-rolled molybdenum target demonstrates an 11% higher sputtering rate than the annealed molybdenum target due to that more and finer atom clusters are ejected from the as-rolled molybdenum target. However, the as-rolled sputtering targets could also generate more particles due to the less stable interface of impurity particles if present within the target. It is concluded that uniformly distributed fine and stable grain structures are preferable for sputtering targets to give rise to increased sputtering yields and denser films with lower electrical resistivity in the same time. 
